Our previous work has shown that both induction, after addition of inducer, and loss of' ability to produce allophanate hydrolase, after removal of' inducer, proceed more rapidly than expected from the reported half-life of messenger ribonucleic acid in Saccharomyces cerevisiae. As a basis of rectifying these observations, we have characterized induction and repression of allophanate hydrolase synthesis and find that: (i) induction of the hydrolase begins immediately upon addition of inducer, (ii) once induction has been initiated removal of inducer does not result in immediate loss of synthetic capacity, (iii) induction of the capacity to produce hydrolase can occur in the absence of protein synthesis, (iv) the half'-life of hydrolase synthetic capacity increases if protein synthesis is inhibited, (v) allophanate hydrolase itself is not degraded upon removal of inducer, and (vi) induction and repression of allophanate hydrolase synthetic capacity likely occurs at the level of transcription.
Two major avenues of investigation have been followed in quest of the molecular events surrounding gene expression. One avenue involves monitoring the metabolism of collective messenger (m) ribonucleic acid (RNA); the other assay of specific gene products. Our current understanding of poly(A) and its participation in processing of eucaryotic transcripts (5-7, 11, 15) represents a major achievement of the first approach. However, a detailed account of gene expression and its control ultimately requires concentration upon a specific well defined set of genes.
In Saccharomyces cerevisiae, studies of collective mRNA metabolism have yielded an mRNA half-life of 20 min. Hutchison et al. (10) observed polysome decay with a half-life of 23 min after shift of a temperature-sensitive mutant, defective in an unidentified reaction of RNA metabolism or transport, to the nonpermissive temperature. In support of this Tonnesen and Friesen reported loss of ['IC ]leucine incorporation into trichloroacetic acidprecipitable material with a half-life of 21 + 4 min after addition of' ethidium bromide or daunomycin to their cultures (18) . Monitoring specif'ic gene products, Kuo et al. (13) observed that lomofungin, an RNA polymerase inhibitor, inhibited formation of invertase, a-glucosidase, and acid phosphatase only after a 30-min lag; an observation consistent with a synthetic capacity half-life of approximately 20 min. However, Lawther and Cooper (14) have recently observed that: (i) only 3 min elapsed between addition of inducer to a culture and appearance of allophanate hydrolase activity, and (ii) the capacity of induced cultures to continue producing allophanate hydrolase decayed with a half-lif'e of 3 min after inducer removal.
These observations raise the possibilities that the allantoin degradative system is regulated at a level other than transcription of mRNA species of S. cerevisiae are subject to widely varying rates of metabolism (17) . The information needed to distinguish between these possibilities can be obtained by careful definition of allantoin system induction. The data reported here result from studies of the characteristics and requirements of allophanate hydrolase induction and repression using the methods formulated by Hartwell and Magasanik and by Kepes (9, 12) .
MATERIALS AND METHODS Culture conditions. Wild-type strain M25 was grown in minimal medium as previously described (2) . Cell density measurements were made using a Klett Summerson colorimeter (500 to 570 nm band pass filter). One-hundred Klett units is approximately equivalent to 3 x 107 cells per ml of culture. Urea was added to cultures to bring about induction of allophanate hydrolase, because of the rapidity with which it both enters the cell when added exogenously and is lost when cells are resuspended in urea-free medium.
INDUCED ENZYME SYNTHESIS IN SACCHAROMYCES
Concentration of cultures. Cultures to be concentrated were grown in the cell densities indicated and collected by centrifugation (3 min at 3,000 rpm in an SS-34 rotor or 1,085 x g) at room temperature. Harvested cells were resuspended in the indicated volumes of prewarmed, preaerated medium and allowed to equilibrate for 2 to 5 min before initiation of the experiment. Kinetics of induction in concentrated cultures were compared to those observed in normal dilute cultures and were found to be exactly the same in every respect.
Transfer of cels from one medium to another. In a number of the subsequent experiments it was necessary to transfer cell samples from one medium to another. The total time elapsing between removal of cells from the first medium and their resuspension in the second was 20 to 30 s and is indicated on each figure as the space between two vertical lines which interrupt the experimental curves. All of the glassware used for cell harvest by filtration (membrane filters 0.45-Am pore size; Millipore Corp.) was prewarmed to 30 C to avoid temperature shock of the cells. The extent of cell loss during this procedure was determined using radioactively labeled cells and was found to be negligible.
Enzyme assays. Allophanate hydrolase was assayed as previously described by Whitney and Cooper (21) . Samples to be used for assay were, in all cases, transferred from the experimental culture to cold test tubes containing cycloheximide (10 Ag/ml final concentration).
Inhibitors. VE-76 is a preparation containing principally verrucarin A. However, small amounts of other verrucarin species were also present. That this preparation inhibits translational initiation in S. cerevisiae was shown using techniques similar to those reported (19; C. S. McLaughlin, personal communication). Lomofungin was prepared and used according to the procedures described by Lawther and Cooper (Arch. Biochem. Biophys., in press).
RESULTS
Enzyme production in the presence and absence of inducer. Figure 1 shows the timedependent appearance of allophanate hydrolase after a pulse of induction. The experiment was initiated at zero time by addition of urea (10 mM final concentration) to a growing culture. After removing samples at 0, 1, 2, and 3 min for enzyme assay, the culture was filtered and resuspended in urea-free, minimal medium (total time required for transfer of cells to urea free medium was 20 to 30 s) and additional samples were taken as indicated. As shown, allophanate hydrolase activity continued to increase in the absence of exogenous inducer reaching a constant level 15 min after its removal. These data may be accounted for in two ways. A burst of enzyme production can occur in the absence of inducer once induction has been set into progress, or alternatively, the endogenous level of inducer requires 15 min to fall below the threshold amount needed to support continued enzyme production. To distinguish between these two possibilities, the cellular accumulation and loss of urea was followed. As shown in Fig. 2 , a large amount of urea is observed within cells very shortly after its addition to the medium. At the concentrations used in this experiment, Cooper and Sumrada (3) have shown that the predominant mode of entry is diffusion. Two to 3 min after accumulation begins, there is a drastic disappearance of radioactive material from the cells; a steady state level is attained at 9 to 10 min. Loss of urea coincides closely with the first appearance of active urea amido-lyase after induction and may be a result of its degradative action. This steady state level of urea reflects the amount of inducer needed to maintain the system in its fully induced state. In a second experiment, cells were permitted to accumulate [14C Jurea for 1 min. At this time, the cells were harvested by filtration, resuspended in ureafree medium, and sampled at short times thereafter. The observed level of urea dropped to an undetectable amount before the first sample 4 could be taken (i.e., by 30 s after removal from radioactive medium). Collectively these data argue against the second possibility raised above and suggest that enzyme production can continue beyond the point of inducer exhaustion.
Protein degradation contributes significantly to the regulation of some eucaryotic systems (16) . To determine whether or not this type of regulation is operative in the case of allophanate hydrolase, the level of hydrolase activity was monitored for two generations after removal of inducer from the culture medium. As shown in Fig. 3A , the amount of enzyme activity observed per unit volume of cells remained reasonably constant suggesting that no enzyme degradation occurred during the two generations monitored. However, the amount of activity per cell decreased logarithmically ( Fig. 3A and B) with a half-life of 165 min or somewhat longer than the 143-min doubling time of the culture. This discrepancy is accounted for by a basal rate of hydrolase production in the absence of added inducer (note the slight increase in total activity in Fig. 3A ).
The data in Fig. 1 and those reported earlier (14) demonstrate that induction can be divided into at least two phases. During the first period (3 min at 30 C) no increase in enzyme synthesis could be detected; thereafter the rate of synthesis increased, becoming constant at 5 to 6 min. In view of similar observations in Escherichia coli (12) and Aspergillus nidulans (4), it may be reasoned that the synthetic capacity to produce enzyme begins to accumulate during the initial 3-min period. This was shown to be the case by the following experiment which was initiated at zero time by adding inducer to an ammoniagrown culture. Thereafter samples were transferred to inducer-free medium for 30 min additional incubation to permit expression of whatever synthetic capacity accumulated during the period of inducer presence. As shown in Time-dependent accumulation of allophanate hydrolase synthetic capacity and activity in cultures of S. cerevisiae. A 250-ml culture of strain M25 (cell density of 40 Klett units) was concentrated to 30 ml as described. Urea was added at zero time. At the times indicated, 1.0-ml samples were either transferred to tubes containing 2 ml of cycloheximide (10 Ag/ml) (0) or collected by filtration (0), washed with 5.0 ml of prewarmed, preaerated medium, and placed in 10 ml of prewarmed, preaerated, urea-free medium for 30 min. At the conclusion of incubation, 5.0-ml samples were removed and, along with the other samples, assayed for allophanate hydrolase activity.
rate of synthetic capacity accumulation was higher than that observed after 1 to 3 min (range of values observed from experiment to experiment; compare Fig. 4 , 9, and 13). Whether this transient high rate of accumulation reflects physiological events or is an artifact of sample preparation is presently undecided. The difference between the enzyme content observed after inducer removal (closed circles) and that observed upon addition of cycloheximide (open circles) is the residual synthetic capacity. Its maximum value is represented by the difference between total accumulated synthetic capacity (closed circle curve) and the asymptote of the amount expressed at cessation of protein synthesis (open circles). A semilogarithmic plot of the value "x" (Fig. 4A) is depicted in Fig. 4B and has a half-life value of 2.9 min. This value is interpreted by Hartwell and Magasanik and Kepes (9, 12) as representing synthetic capacity half-life. As such, it is good agreement with the 3.2-min value we reported earlier (14) .
Requirement of protein synthesis for expression of allophanate hydrolase synthetic capacity. A requirement of protein synthesis for production of allophanate hydrolase was established by adding an initiation, elongation, or termination inhibitor of translation to a culture synthesizing allophanate hydrolase at a linear rate. As shown in Fig. 5A , addition of VE-76, an inhibitor of initiation (20) , immediately decreased the rate of enzyme production with urea and trichodermin were added simultaneously to final concentrations of 10 mM and 15 ug/ml, respectively. Samples (1.0 ml) were removed at 0, 2, 4, and 6 min for assay. At 6 min, the remaining cells were collected by filtration, washed with 2 volumes of prewarmed, preaerated minimal medium, resuspended in 250 ml of prewarmed, preaerated, urea-free medium, and divided into two parts. A 100-ml portion of culture received 15 A.g of trichodermin per ml (0), whereas the remainder (0) received no further additions. Samples (10 ml) were removed at the times indicated and assayed for allophanate hydrolase. duction may be set in progress in the absence of protein synthesis. It should also be noted (see Fig. 6B ) that this treatment decreased the rate of synthetic capacity loss in inducer-free medium by only 1.5 min (half-life is 4.5 min). However, as shown in Fig. 7 , the rate of synthetic capacity loss can be greatly decreased if translation is inhibited by inclusion of trichodermin in the culture medium (half-life is 50 min).
The facts that (i) loss of protein synthesis does not impair the induction process and (ii) synthetic capacity half-life greatly increases in the absence of translation leads to the possibility that the synthetic capacity to produce allophanate hydrolase may reach greater than normal steady-state levels if induction is carried out in the absence of translation. This possibility was evaluated by monitoring the synthetic capacity for allophanate hydrolase production in the absence and presence of trichodermin (Fig.  8 ). An uninduced culture was divided into two portions; one-half received urea (open circles) at zero time and the other was pretreated with trichodermin for 2 min before addition of urea at zero time on the figure (closed circles). At the times indicated, samples were transferred to inducer-free, trichodermin-free medium and permitted to express whatever synthetic capacity had accumulated. As shown in this figure, both cultures initially accumulate hydrolase synthetic capacity at a similar rate. However, contrary to the proposal above, hydrolase synthetic capacity does not accumulate to abnormally high values in the absence of protein synthesis. Rather, it levels off in about the same time as observed in Fig. 6 . Kepes (12) , in his studies of ,B-galactosidase induction, observed that induction of f3-galactosidase synthetic capacity was temperature dependent, whereas expression of accumulated synthetic capacity appeared temperature independent. To ascertain the effects of temperature upon the accumulation and expression of synthetic capacity to produce allophanate hydrolase, a culture was divided into two equal portions, harvested, and resuspended in media at either 21 C (open and closed circles in Fig. 9 ) or 35 C (open and closed squares in Fig. 9 ). The experiment was initiated at zero time by addition of urea to the cultures. At the times indicated, samples of each culture were rapidly harvested and transferred to inducer-free media at both 21 C (closed circles or squares) and 35 C (open circles or squares). As shown in Fig. 9 Fig. 10A, 8 to 10 min elapsed between addition of lomofungin and cessation of hydrolase production. This value is consistent with losing hydrolase synthetic capacity with a half-life of slightly less than 3 min. The fact that hydrolase levels continue to slowly decline rather than remaining constant after reaching a plateau (Fig. 10A , closed circles after 20 min) is a secondary effect of lomofungin upon the enzyme. This effect has been shown to occur in the absence of both RNA and protein synthesis by Lawther and Cooper in press). This complication should have little effect upon the observed time required to halt hydrolase production via RNA synthesis inhibition, because the rate of the secondary drug effect (90-min half-life) is so much smaller than its primary effect (3-min half-life). If the above experiment is repeated and gross protein synthesis is monitored (incorporation of [3H]leucine into hot trichloroacetic acid-precipitable material, Fig. 10B ), 90 min elapse before synthesis stops. The half-life of this loss in capacity is 20 min, or seven times greater than that observed in the case of allophanate hydrolase. Since it has been shown above that protein synthesis is not required for synthetic capacity accumulation but rather for its expression, it is reasonable to determine the effects of transcription upon these two processes. As shown in Fig. 11A , if lomofungin is added at the same time as inducer no increase in hydrolase activity occurs. However, in cells incubated with inducer and transferred to inducer-free medium containing lomofungin, the transcription inhibitor has no deleterious effects upon expression of previously accumulated synthetic c pacity (Fig. 11B) . On the contrary, cells trans- (0) were removed at the indicated times, collected by filtration, washed with 5 ml ofprewarmed, preaerated medium, and resuspended in 10 ml of urea-free, trichodermin-free medium for 30 min. At the conclusion of incubation, 5.0-mi samples were taken for enzyme assay. Samples (1.0 ml) (U) were also taken from the trichodermin-containing cultures and transferred to tubes containing 2 ml of cycloheximide (1.0 mg/ml). Effect of temperature upon accumulation and expression of allophanate hydrolase synthetic capacity. A 300-mi culture of strain M25 (cell density of 60 Klett units) was concentrated to 30 ml as described. This culture was divided into two 15-mI portions which were shifted from 30 to 21 C (0, 0) or 35 C (U, 0), respectively, and allowed to equilibrate for 15 mmn. Thereafter, urea was added (10 mM final concentration) to each culture (this is zero time in the figure) and 1.0-mI samples were removed at the indicated times, collected by filtration, washed with 5 ml of prewarmed, preaerated medium, and placed in 10 ml of urea-free medium at 21 C (0, *) or 35 C (0, 0). At the conclusion of incubation, all of the samples were assayed for allophanate hydrolase activity.
FIG. 10 . Effect of lomofungin upon synthesis of (A) allophanate hydrolase and (B) gross cellular protein.
(A) Urea (10 mM final concentration) was added to a culture of strain M25 (cell density of 35 Klett units) at zero time. Samples (10 ml) were removed for assay at the times indicated. At 12.5 min after urea addition, a portion of the culture was transferred to a second flask containing lomofungin (1 ug/ml) and sampling of both flasks was continued as before. Lawther and Cooper (manuscript in preparation) have shown that at a lomofungin concentration of 1 ug/ml, the rate of RNA and protein synthesis is inhibited 80 and 40%, respectively (these values are from measurements initiated 30 min after addition of lomofungin). (B) The experiment was initiated at zero time by adding leucine (5 iug/ml at a specific activity of 1 mCi/mM) to a culture of strain M25 (cell density of 30 Klett units). Samples (0.2 ml) were taken as indicated. At 10 min, the culture was divided and manipulated as described above. Samples (in trichloroacetic acid) were heated in a boiling water bath for 10 min and the precipitated protein was collected on glass fiber filters. The specificity of lomofungin and its kinetics of RNA and gross protein synthesis inhibition have been carefully studied in the strains used in these experiments. Results of those studies will appear elsewhere (Lawther and Cooper, accepted for publication). ferred to lomofungin-containing medium possess somewhat higher levels of hydrolase production that the control culture. Whether or not this difference is physiologically significant is an open question.
Level at which nitrogen repression occurs. Bossinger et al. (1) observed that enzyme production ceased within 5 Klett units of cell growth after addition of a readily metabolized amino acid to a fully induced culture. This preliminary indication of a fast repressive response prompted us to look carefully at the kinetics of enzyme synthesis during onset of repression. As shown in Fig. 12, 11 min are required to shift from the unrepressed to the repressed rate of enzyme synthesis. This is consistent with a half-life loss of synthesizing figure) by addition of urea (10 mM final concentration) to the concentrated cells (-) . Thereafter as indicated, 1.0-ml samples of this culture were collected by capacity in the area of 3 min (compare with Fig.  1 and 10A ). The 15% of initial hydrolase production rate observed after addition of the repressive agent may be caused by large intracellular pools of urea. However, there is presently no experimental evidence to rectify this observation to the fact that cells grown over night in medium containing 0.1% serine have completely lost hydrolase activity.
To decide whether repression is exerted at the level of synthetic capacity accumulation or expression of accumulated synthetic capacity, an experiment similar to that described in Fig.  4A and 9 was performed. An uninduced logphase culture was divided into three portions. At zero time, urea (10 mM final concentration) was added to two portions and urea plus 0.1% serine was added to the third. At the times indicated in Fig. 13 , cell samples from the first two portions were harvested by filtration and transferred to either urea-free medium containing no serine (closed circles) or urea-free medium containing 0.1% serine (closed squares). Cell samples from the third portion were transferred to urea-free and serine-free medium (open circles). After transfer, all samples were incubated for 30 min to express whatever synthetic capacity they had accumulated. As shown in Fig. 13 , the presence of serine during expression of accumulated synthetic capacity did not affect the rate of enzyme production (compare slopes for curves of closed circles and squares). On the other hand, the presence of serine during induction resulted in a significant decrease in the amount of hydrolase production (compare slopes for curves of open and closed circles).
DISCUSSION
We have demonstrated that the increase in allophanate hydrolase levels after addition of inducer results from at least two processes. The first is accumulation of the potential to synthesize the enzyme. This process begins immediately after addition of inducer, is moderately filtration and resuspended in 10 ml of prewarmed, preaerated, urea-free medium for 30 min additional incubation. At the end of incubation, 5.0-ml samples were removed for enzyme assay. The second portion of the original culture (0) was not concentrated, but received urea (10 mM final concentration) at zero time in the figure. Thereafter as indicated, 10-ml samples were transferred to flasks containing lomofungin (I ug/ml final concentration) and incubation was continued for 30 min. At the end of incubation, 5 .0-ml samples were removed for enzyme assay. If, in fact, "expression" is translation of accumulated hydrolase-specific mRNA, the observations made in Fig. 5A require further comment. These data indicate that 3 min elapse between cessation of translational initiation and total inhibition of further enzyme production. This is an estimate of the time required to translate hydrolase-specific mRNA. Since it has the same duration as the period between inducer addition and appearance of active enzyme, it could be argued that control of this system occurs at the initiation step of protein synthesis. However, it is more plausible that the observed 3-min figure overestimates the translation time due to a partial inhibition of protein synthesis elongation by this class of initiation inhibitors (20) .
Our data are consistant with the hypothesis that accumulation of potential or synthetic capacity to produce allophanate hydrolase upon addition of inducer is likely accumulation of hydrolase-specific mRNA and loss of synthetic capacity resulting from inducer removal or the onset of repression reflects a loss of that mRNA. This implies that induction and repression of the allantoin degradative system occurs at the level of transcription. If this is true, the func- was concentrated to 30 ml as described. The concentrated culture was divided into three portions. One portion (0) received serine (0.1% final concentration). At zero time, urea (10 mM final concentration) was added to all three portions. Thereafter at the indicated times, samples were removed from the three portions, and the cells were transferred to a second medium as described below and incubated in the second medium for 30 additional min. Samples from the portion incubated in the presence of serine (0) were transferred to serine-free and urea-free medium. The remaining two portions were transferred to either urea-free and serine-free medium (* or urea-free medium containing serine (0.1% final concentration) (U). At the end of the second incubation, all of the samples were assayed for allophanate hydrolase using standard procedures.
tional half-life of hydrolase-specific mRNA increases in the absence of translation (see Fig. 7 ). This is in agreement with observations made in E. coli (12) and A. nidulans (4) , but is at variance -with the report of Hartwell et al. (8) that polysomes decay at the same rate whether or not cycloheximide is present. However, the conflict may be more apparent than real because their bulk mRNA measurements probably did not include mRNA species with short half-lives.
Another significant implication of this conclusion is the clear possibility of mRNA species with different rates of metabolism. As cited earlier, the half-life for both cumulative mRNA and three specific synthetic capacities is 21 ± 3 min. This must be contrasted with the present results suggesting that allophanate hydrolase synthetic capacity decays with a half-life of 3 min and those of Cybis and Weglenski (4) who report a 2.7-min half-life for arginase synthetic capacity in A. nidulans. It is reasonable to question whether or not differences in the apparent rates at which specific mRNA species are metabolized reflect differences in their paths of biosynthesis and degradation or differences in their structure.
